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Introduction {#s1}
============

Neutrophils play an important role as the first line of innate immune defense [@pone.0111755-LekstromHimes1]. One function of neutrophils, called "neutrophil extracellular traps" (NETs), has been discovered recently. NETs are fibrous structures that are released extracellularly from activated neutrophils in response to infection and also the sterile inflammatory process [@pone.0111755-Savchenko1]--[@pone.0111755-Kessenbrock1]. This distinctive phenomenon was first reported by Brinkmann et al in 2004 [@pone.0111755-Brinkmann1]. The main components of NETs are deoxyribonucleic acid (DNA) and histones H1, H2A, H2B, H3, and H4; other components such as neutrophil elastase, myeloperoxidase, bactericidal/permeability-increasing protein, cathepsin G, lactoferrin, matrix metalloproteinase-9, peptidoglycan recognition proteins, pentraxin, and LL-37 have also been reported [@pone.0111755-Kessenbrock1]--[@pone.0111755-Cho1]. The type of active cell death involving the release of NETs is called NETosis [@pone.0111755-Fuchs1], which differs from apoptosis and necrosis. Because formation of NETs does not require caspases and is not accompanied by DNA fragmentation, it is believed that this process is independent of apoptosis [@pone.0111755-Fuchs1]. Despite several in vitro and animal experiments that have clearly shown the biological importance of NETs, little is known about the function of NETs in the human body [@pone.0111755-Logters1], [@pone.0111755-Remijsen1].

Before the discovery of NETs, several studies reported on an increase in the concentration of circulating free DNA (cf-DNA) in the blood in various diseases including sepsis, trauma, stroke, autoimmune disorders, and several cancers [@pone.0111755-Margraf1]--[@pone.0111755-Swarup1]. This cf-DNA is thought to be derived from necrotic and/or apoptotic cells [@pone.0111755-vanderVaart1]. Recent articles have suggested that NETs and cf-DNA are related [@pone.0111755-Margraf1], [@pone.0111755-Logters2]. In these reports, cf-DNA was quantified directly in plasma, and the cf-DNA in plasma was treated the same as NETs in blood. However, it remains unknown whether cf-DNA is derived from NETs.

Citrullination of histone H3 is considered to be involved in NET formation in vitro. Neutrophils show highly decondensed nuclear chromatin structures during NETosis, and hypercitrullination of histone H3 by peptidylarginine deiminase 4 (PAD4) plays an important role in chromatin decondensation [@pone.0111755-Remijsen1], [@pone.0111755-Neeli1], [@pone.0111755-Wang1]. Inhibition of PAD4 prevents citrullination of H3 and NET formation [@pone.0111755-Wang1]. Thus, measuring the presence of citrullinated histone H3 (Cit-H3) in conjunction with the presence of NETs may help clarify the kinetics of the response of NETs to systemic stress.

In preliminary studies, we recently identified NETs immunocytochemically in sputum and blood smear samples from intensive care unit (ICU) patients [@pone.0111755-Hirose1], [@pone.0111755-Hamaguchi1], whereas NETs could not be detected in blood smears from healthy volunteers [@pone.0111755-Hamaguchi1].

In the present study, we used immunofluorescence to prospectively explore the existence of NETs and Cit-H3 in the blood of critically ill patients hospitalized in an ICU.

The respiratory tract is considered one of the most vulnerable places for bacterial invasion of the body, and NETs might start to be produced in response to pathogens before infection is completely apparent. Therefore, in this study we evaluated the presence of bacteria by Gram staining in tracheal aspirate as the preclinical stage of manifested infection to highlight its relationship with the induction of NETs in blood. The purpose of this study was to evaluate the relationships between NET or Cit-H3 and various clinical and biological parameters.

Materials and Methods {#s2}
=====================

Patients and Setting {#s2a}
--------------------

This study was a prospective observational study and was approved by the Ethics Committee of Osaka University Graduate School of Medicine. The institutional review board waived the need for informed consent. From April to June 2011, we examined blood samples collected from all patients who required intubation at the time of admission into the ICU of the Trauma and Acute Critical Care Center at the Osaka University Hospital (Osaka, Japan).

Evaluation of Clinical Background and Severity of Illness {#s2b}
---------------------------------------------------------

Age, sex, Acute Physiological And Chronic Health Evaluation (APACHE) II score, and Sequential Organ Failure Assessment (SOFA) score were recorded at the time of admission. Systemic inflammatory response syndrome (SIRS) was diagnosed at the time of admission on the basis of the criteria for SIRS defined by the American College of Chest Physicians/Society of Critical Care Medicine Consensus [@pone.0111755-Bone1]. At admission, the blood samples were analyzed to obtain the following laboratory data: white blood cell (WBC) count and concentrations of lactate, IL-8, TNF-α, HMGB1, and cf-DNA. WBC count was measured by an automated hematology analyzer (KX-21N; Sysmex, Hyogo, Japan). Lactate concentration was measured by a blood gas analyzer (ABL 835 Flex; Radiometer, Brønshøj, Denmark). The serum levels of IL-8 (R&D Systems, Minneapolis, MN, USA), TNF-α (R&D Systems), and HMGB1 (Shino-Test Corporation, Tokyo, Japan) were measured by enzyme-linked immunosorbent assay (ELISA) kits, and cf-DNA concentration was quantified using the Quant-iT PicoGreen dsDNA Assay kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions.

Immunofluorescence Analysis to Identify the Presence of NETs and Cit-H3 {#s2c}
-----------------------------------------------------------------------

For histological analysis, each blood sample collected at the time of admission to the ICU was immediately smeared in a thin layer on a glass slide. After drying, the specimens were stored at −80°C until immunostaining was performed. We confirmed that this sample preparation method did not induce additional generation of NETs or citrullination of histone H3 using neutrophils isolated from healthy donors on the smear ([Fig. S1](#pone.0111755.s001){ref-type="supplementary-material"}). To identify NETs, DNA and histone H3, the main components in NETs, were visualized simultaneously by immunofluorescence, and Cit-H3 was also detected using a specific antibody as follows. The sample on the glass slide was fixed with 4% paraformaldehyde for 30 min, washed with phosphate-buffered saline (PBS) (pH 7.4), and then blocked with a solution containing 20% Block-Ace (Dainippon-Sumitomo Seiyaku, Osaka, Japan) and 0.005% saponin in PBS for 10 min. The samples were then incubated for 60 min with the primary antibody as follows: anti-human histone H3 mouse monoclonal antibody (diluted 1∶100) (MABI0001; MAB Institute, Inc., Hokkaido, Japan) and anti-human Cit-H3 rabbit polyclonal antibody (1∶100) (ab5103; Abcam, Cambridge, UK). After washing in PBS, each primary antibody was visualized using secondary antibodies coupled to 1∶500 Alexa Fluor 546 goat anti-mouse IgG (Invitrogen) and 1∶500 Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen). The primary and secondary antibodies were diluted with 5% Block-Ace and 0.005% saponin in PBS. After incubation for 60 min with the secondary antibodies, the specimens were washed with PBS, and the DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) in PBS for 5 min. All procedures were performed at room temperature. The specimens were analyzed using a confocal laser-scanning microscope (BZ-9000; Keyence Corporation; Osaka, Japan).

The validity of immunostaining was ensured by the negative results of control experiments in which whole mouse or rabbit IgG (Abcam) was used instead of primary antibodies or primary antibodies were omitted in the procedure ([Fig. S2](#pone.0111755.s002){ref-type="supplementary-material"}). In addition, neutrophils stimulated with phorbol myristate acetate from healthy donors were used as a positive control for immunostaining ([Fig. S3](#pone.0111755.s003){ref-type="supplementary-material"}).

In the preliminary experiments, string-like structure extending from the cell body, which was positive for DNA and histone, was exclusively also positive for neutrophil elastase ([Fig. S4](#pone.0111755.s004){ref-type="supplementary-material"}). Hence, we considered the extracellular component that is double-positive for DNA and H3 to be a NET. The production of NETs and the specific expression of the citrullination of histone H3 in neutrophils were confirmed using anti-CD66b antibody ([Fig. 1](#pone-0111755-g001){ref-type="fig"}). Diff-Quik staining revealed the presence of a variety of blood cells in the smears ([Fig. S5](#pone.0111755.s005){ref-type="supplementary-material"}).

![Representative images of immunostaining using anti-CD66b antibody in the blood smear sample from a critically ill patient.\
Triple staining by DAPI, anti-CD66b antibody, and anti-citrullinated histone H3 was performed using the blood smear sample obtained from a critically ill patient. A. The CD66b-positive cells were subjected to citrullination of histone H3 in their nuclei. Citrullination of histone H3 was not detected in the CD66b-negative cell (arrow). B. Arrow indicates the occurrence of citrullination of histone H3 in a neutrophil that had immunoreactivity against CD66b. Arrowheads indicate NETs stained with CD66b, whose appearance was of a string-like structure extending from the cell body. Asterisk indicates a neutrophil that was beginning to release NETs from its ruptured cell body. Interestingly, freshly produced NETs (asterisk) held immunoreactivity against citrullination of histone H3. In contrast, elongated NETs (arrowheads) were not stained with anti- citrullinated histone H3 antibody. Blue, DAPI; Red, CD66b; Green, citrullinated histone H3. (Magnification ×400). Scale bar; 50 µm.](pone.0111755.g001){#pone-0111755-g001}

For the purpose of estimating the presence of NETs and the occurrence of citrullination of histone H3 concurrently, triple staining for DNA, H3, and citrullinated H3 was performed in this study. Samples were considered negative for the presence of NETs or Cit-H3 if cells harboring NETs or Cit-H3 were not identified in 300 neutrophils by immunostaining. If at least one of NETs and Cit-H3 was positive in the smear according to the definition mentioned above, the corresponding patient was classified into the "NET- and/or Cit-H3-positive" group.

Detection of the presence of bacteria in tracheal aspirate {#s2d}
----------------------------------------------------------

Aspiration is defined as the inhalation of oropharyngeal or gastric contents into the larynx and lower respiratory tract, and aspiration pneumonia is an infectious process caused by the inhalation of oropharyngeal secretions that are colonized by pathogenic bacteria [@pone.0111755-Marik1]. The presence of bacteria in tracheal aspirate by Gram staining is regarded as part of aspiration that favors the development of infection. In this study, we evaluated the presence of bacteria in tracheal aspirate as the preclinical stage of manifested infection. To screen for the presence of bacteria in tracheal aspirate, an aspirated sputum smear was also prepared independently from immunostaining at the time of each patient\'s admission to the ICU. For Gram staining, the smear was dried, stained with crystal violet (Merck KGaA, Darmstadt, Germany) followed by iodine (Merck KGaA), washed with 99.5% ethanol (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and stained with Safranin (Merck KGaA). Images were captured on an optical microscope system (ECLIPSE 50i; Nikon Instruments Inc., Tokyo, Japan).

Statistical Analysis {#s2e}
--------------------

Continuous variables are presented as the median and interquartile range (IQR). The Wilcoxon rank-sum test and Pearson\'s chi-square test were used to compare two patient groups. Single and multiple logistic regression analyses were used to identify associations between the presence of NETs and/or Cit-H3 and the clinical and biological parameters studied. A *p*-value of \<.05 was considered significant. All statistical analyses were performed using JMP 9.0.2 (SAS Institute Inc., Cary, NC, USA) and reviewed by a statistician.

Results {#s3}
=======

Patient Characteristics {#s3a}
-----------------------

During the study period, 263 patients were admitted to the ICU; 49 of these 263 patients were intubated patients and were included in this study. We excluded patients with cardiopulmonary arrest (CPA) who could not be resuscitated on admission. The patients\' characteristics are shown in [Table 1](#pone-0111755-t001){ref-type="table"}. The study group comprised 29 men and 20 women with a median age of 66.0 (IQR, 52.5--76.0) years. The median APACHE II score was 18.0 (IQR, 12.5--21.5), and the median SOFA score was 5.0 (IQR, 4.0--8.0). Thirty-eight patients (77.6%) were diagnosed as having SIRS, and 22 patients (44.9%) were judged as positive for "the presence of bacteria in tracheal aspirate". Thirty-six patients (73.5%) survived and 13 patients died. The ICU mortality rate of intubated patients during this study period was 26.5%. The median WBC count was 10,900/µL (IQR, 8215--14,915/µL). The diagnoses included trauma (n = 7, 14.3%), infection (n = 14, 28.6%), resuscitation from CPA (n = 8, 16.3%), acute poisoning (n = 4, 8.1%), heart disease (n = 4, 8.1%), brain stroke (n = 8, 16.3%), heat stroke (n = 2, 4.1%), and others (n = 2, 4.1%) ([Table 2](#pone-0111755-t002){ref-type="table"}).

10.1371/journal.pone.0111755.t001

###### Patient characteristics.

![](pone.0111755.t001){#pone-0111755-t001-1}

  Variable                                                 Value
  ----------------------------------------------- -----------------------
  No. of patients (M/F)                                 49 (29/20)
  Age (years, median, IQR)                           66.0 (52.5--76.0)
  APACHE II score (median, IQR)                      18.0 (12.5--21.5)
  SOFA score (median, IQR)                               5 (4--8)
  No. of patients with SIRS                             38 (77.6%)
  The presence of bacteria in tracheal aspirate         22 (44.9%)
  No. of survivors                                      36 (73.5%)
  WBC (median, IQR)                                10,900 (8215--14,915)

During the study period, 263 patients were admitted to the ICU of whom 49 were intubated and were included in this study. We excluded patients with cardiopulmonary arrest who could not be resuscitated on admission. IQR: interquartile range, APACHE: Acute Physiological And Chronic Health Evaluation, SOFA: Sequential Organ Failure Assessment, SIRS: systemic inflammatory response syndrome, WBC: white blood cell.

10.1371/journal.pone.0111755.t002

###### Diagnoses and the number of patients exhibiting neutrophil extracellular traps and citrullinated histone H3 in each diagnostic group.

![](pone.0111755.t002){#pone-0111755-t002-2}

  Diagnosis                                           NET positive (n)   Cit-H3 positive (n)   NET and/or Cit-H3 positive (%)
  -------------------------------------------------- ------------------ --------------------- --------------------------------
  Trauma (n = 7)                                             0                    0                       0/7 (0)
  Infection (n = 14)                                         3                    2                     4/14 (28.6)
  Resuscitated from cardiopulmonary arrest (n = 8)           2                    3                      5/8 (62.5)
  Acute poisoning (n = 4)                                    0                    1                      1/4 (25.0)
  Heart disease (n = 4)                                      0                    0                       0/4 (0)
  Brain stroke (n = 8)                                       0                    3                      3/8 (37.5)
  Heat stroke (n = 2)                                        0                    1                      1/2 (50.0)
  Others (n = 2)                                             0                    1                      1/2 (50.0)
  Total (n = 49)                                             5                   11                     15/49 (30.6)

In the blood smears surveyed in this study, we identified NETs in 5 patients and Cit-H3 in 11 patients. Both NETs and Cit-H3 were identified concurrently in one patient with infection. We found no NETs or Cit-H3-positive cells in samples from patients with trauma (0/7) or heart disease (0/4). NETs: neutrophil extracellular trap, Cit-H3: citrullinated histone H3.

Presence of NETs and Cit-H3 in the Bloodstream {#s3b}
----------------------------------------------

NETs were identified as extracellular string-like structures that were simultaneously immunoreactive for DNA and histone H3 ([Fig. 2](#pone-0111755-g002){ref-type="fig"}). Cit-H3 was detected by a specific antibody, and its presence was confirmed to be located inside lobulated nuclei and histone H3 ([Fig. 3](#pone-0111755-g003){ref-type="fig"}). In the blood smears surveyed in this study, we identified NETs in 5 patients and Cit-H3 in 11 patients ([Table 2](#pone-0111755-t002){ref-type="table"}). Both NETs and Cit-H3 were identified concurrently in one patient with infection. We detected the presence of circulating NETs and/or Cit-H3-positive cells in samples from patients with infection (4/14, 28.6%), resuscitation from CPA (5/8, 62.5%), acute poisoning (1/4, 25.0%), brain stroke (3/8, 37.5%), and heat stroke (1/2, 50.0%). We found no NETs or Cit-H3-positive cells in samples from patients with trauma (0/7) or heart disease (0/4).

![Representative images of immunofluorescence staining to detect neutrophil extracellular traps (NETs).\
NETs were visualized in the blood smear samples by immunocytochemistry and identified as extracellular string-like structures composed of chromatin (DNA and histone H3). NETs were present in the bloodstream of critically ill patients. Citrullination of histone H3 was not recognized in these images. In the blood smears surveyed in this study, we identified NETs in five patients (5/49, 10.2%). Blue, 4′,6-diamidino-2-phenylindole (DAPI); red, histone H3; green, citrullinated histone H3. Arrowheads indicate the double-stained areas containing NETs (Magnification ×400). Scale bar; 50 µm.](pone.0111755.g002){#pone-0111755-g002}

![Representative images of immunofluorescence staining to detect citrullinated histone H3 (Cit-H3).\
Citrullination of histone H3, which is a critical enzymatic process to produce NETs through decondensation of chromatin, was visualized in the blood smear samples using anti-citrullinated histone H3 antibody by immunohistochemistry. Cit-H3 was present in the bloodstream of critically ill patients. The inset in the merged image is the magnified image of a representative cell (white rectangle) expressing citrullinated histone H3 in the nucleus. Neutrophil extracellular traps are not recognized here. In the blood smears surveyed in this study, we identified Cit-H3 in 11 patients (11/49, 22.4%). Blue, 4′,6-diamidino-2-phenylindole (DAPI); red, histone H3; green, citrullinated histone H3 (Magnification ×400). Scale bar; 50 µm.](pone.0111755.g003){#pone-0111755-g003}

Identification of Factors Related to the Presence of NETs and Cit-H3 in the Bloodstream {#s3c}
---------------------------------------------------------------------------------------

We tried to identify the factors that are related to the presence of NETs or Cit-H3 in the bloodstream. We first examined clinical parameters recorded at the time of admission including age, APACHE II and SOFA scores, number of patients who presented with SIRS or with the presence of bacteria in tracheal aspirate, and biological parameters such as the total WBC count and concentrations of lactate, IL-8, TNF-α, HMGB1, and cf-DNA. We also recorded the number of survivors. We compared these variables between the patients positive or negative for NETs and/or Cit-H3. The results are shown in [Table 3](#pone-0111755-t003){ref-type="table"}. Among the factors evaluated in this research, only "the presence of bacteria in tracheal aspirate" differed significantly between the NET- and/or Cit-H3-positive and -negative groups (*p*\<.01, Wilcoxon rank-sum test and Pearson\'s chi-square test). The other factors were not significantly related to the presence of NETs and/or Cit-H3. In patients classified into two groups based on the presence or absence of bacteria in tracheal aspirate, the occurrence rate of NETs and/or Cit-H3 was significantly higher in "the presence of bacteria in tracheal aspirate" (BTA (+)) group (11/22, 50.0%) than in "the absence of bacteria in tracheal aspirate" (BTA (−)) group (4/27, 14.8%) (*p*\<.01) ([Table S1](#pone.0111755.s006){ref-type="supplementary-material"}). In patients with SIRS on admission, there was a trend toward greater expression of NETs and/or Cit-H3 (*p* = .079) ([Table S2](#pone.0111755.s007){ref-type="supplementary-material"}).

10.1371/journal.pone.0111755.t003

###### Comparison between patients positive and negative for neutrophil extracellular traps and/or citrullinated histone H3.

![](pone.0111755.t003){#pone-0111755-t003-3}

                                                       NET and/or citrullinated histone H3                             
  --------------------------------------------------- ------------------------------------- -------------------------- -------
  Number                                                               15                               34             
  Age (years)                                                   67.0 (49.0--78.0)               65.5 (56.8--75.3)       .8197
  APACHE II score                                               20.0 (16.0--23.0)               17.5 (11.8--21.3)       .3171
  SOFA score                                                     6.0 (5.0--10.0)                  5.0 (4.0--8.0)        .4062
  Survivors (n)                                                    10 (66.7%)                       26 (76.5%)          .4737
  SIRS patients (n)                                                14 (93.3%)                       24 (70.6%)          .0786
  The presence of bacteria in tracheal aspirate (n)                11 (73.3%)                       11 (32.3%)          .0079
  WBC count (/µl)                                           12,430 (8310.0--16510.0)         10,835 (8032.5--14307.5)   .5654
  IL-8 (pg/mL)                                                 57.6 (19.9--143.0)               65.3 (23.3--229.5)      .9136
  TNF-α (pg/mL)                                                  8.2 (6.2--21.6)                 9.0 (4.8--16.3)        .9740
  cf-DNA (ng/mL)                                             1038.3 (744.9--1329.7)           1072.7 (828.6--1770.7)    .6025
  Lactate (mg/mL)                                                39 (11.0--71.0)                17.5 (12.0--56.3)       .5010
  HMGB1 (ng/mL)                                                 11.0 (6.8--21.5)                 9.7 (5.9--16.3)        .5151

Among the factors evaluated to highlight the relation to the presence of NETs or Cit-H3 in the bloodstream, only "the presence of bacteria in tracheal aspirate" differed significantly between the NET- and/or Cit-H3-positive and -negative groups (*p*\<.01). The other factors were not significantly related to the presence of NETs and/or Cit-H3. Continuous variables are presented as the median and IQR unless otherwise noted. The Wilcoxon rank-sum test and Pearson\'s chi-square test were used to compare two patient groups. NETs: neutrophil extracellular traps, Cit-H3: citrullinated histone H3, IQR: interquartile range, APACHE: Acute Physiological And Chronic Health Evaluation, SOFA: Sequential Organ Failure Assessment, SIRS: systemic inflammatory response syndrome, WBC: white blood cell, IL: interleukin, TNF: tumor necrosis factor, cf-DNA: circulating free DNA, HMGB1: high mobility group box-1.

Logistic regression analysis was performed to identify the factors related to the presence of NETs and Cit-H3 in the bloodstream. The results of single logistic regression analysis of factors associated with the presence of NETs and Cit-H3 are shown in [Table 4](#pone-0111755-t004){ref-type="table"}. Only BTA (+) at the time of intubation was a significant factor associated with the presence of NETs and Cit-H3 (*p* = .0112). Although there were indications of a trend toward an association between the presence of circulating NETs and/or Cit-H3 and the comorbid conditions of SIRS or elevated cf-DNA concentration (*p* = .1093 and.3003, respectively), these were not statistically significant. [Table 5](#pone-0111755-t005){ref-type="table"} shows the results of multiple logistic regression analysis of factors associated with the presence of NETs and/or Cit-H3 and model selection. Two methods of multiple regression analysis, backward and forward regression, yielded similar models. Again, "the presence of bacteria in tracheal aspirate" was the only factor that was significantly related to the presence of NETs and/or Cit-H3 in the bloodstream; the odds ratio for aspiration was 5.750.

10.1371/journal.pone.0111755.t004

###### Results of single logistic regression analysis.

![](pone.0111755.t004){#pone-0111755-t004-4}

  Variable                                          *p*
  ----------------------------------------------- -------
  The presence of bacteria in tracheal aspirate    .0112
  SIRS                                             .1093
  cf-DNA                                           .3003
  Lactate                                          .5476
  WBC count                                        .7862
  IL-8                                             .7875
  TNF-α                                            .8321
  HMGB1                                            .9439

Logistic regression analysis was performed to identify the factors related to the presence of NET and Cit-H3 in the bloodstream. Only "the presence of bacteria in tracheal aspirate" (+) at the time of intubation was a significant factor associated with the presence of NET and Cit-H3 (*p* = .0112). NETs: neutrophil extracellular traps, Cit-H3: citrullinated histone H3, SIRS: systemic inflammatory response syndrome, cf-DNA: circulating free DNA, WBC: white blood cell, IL: interleukin, TNF: tumor necrosis factor, HMGB1: high mobility group box-1.

10.1371/journal.pone.0111755.t005

###### Results of multiple logistic regression analysis of factors associated with the presence of neutrophil extracellular traps and/or citrullinated histone H3.

![](pone.0111755.t005){#pone-0111755-t005-5}

                                                     Coeff (β)    *p*     OR     Lower   Upper
  ------------------------------------------------- ----------- ------- ------- ------- --------
  "the presence of bacteria in tracheal aspirate"      0.875     0.011   5.750   1.583   24.755

Two methods of multiple regression analysis, backward and forward regression, yielded similar models. "The presence of bacteria in tracheal aspirate" was the only factor that was significantly related to the presence of neutrophil extracellular traps and/or citrullinated histone H3 in the bloodstream. The odds ratio for aspiration was 5.750. Coeff (β): coefficient; OR: odds ratio, Lower: lower level of 95% confidence interval, Upper: upper level of 95% confidence interval.

Discussion {#s4}
==========

A series of in vitro and animal experiments have uncovered a suppressive function of NETs against the dissemination of microorganisms in blood by mechanical trapping and by exploiting coagulant function to segregate these microorganisms within the circulation [@pone.0111755-Massberg1], [@pone.0111755-McDonald1]. However, direct evidence remains scarce in living human systems. In this clinical study of blood smears, we attempted to identify morphologically the presence of NETs and Cit-H3 in the bloodstream of critically ill patients at the time of admission to the ICU and to characterize the factors associated with the presence of NETs and Cit-H3.

Among the 49 enrolled patients, immunofluorescence analysis revealed blood-borne NETs in five patients (10.2%), Cit-H3 in 11 patients (22.4%), and NETs and/or Cit-H3 in 15 patients (30.6%) ([Table 2](#pone-0111755-t002){ref-type="table"}). These data replicate the results of our previous preliminary study in which NETs were present in patients in a critical condition [@pone.0111755-Hamaguchi1] and show for the first time, to our knowledge, the presence of Cit-H3 in circulating blood cells. Cit-H3-positive cells possessed a multi-segmented nucleus, and most were immunoreactive for CD66b ([Fig. 1](#pone-0111755-g001){ref-type="fig"}), suggesting that citrullination of histone H3 occurred exclusively in neutrophils. Citrullination of histone H3 is considered an important process in the release of NETs through decondensation of chromatin [@pone.0111755-Remijsen1], [@pone.0111755-Neeli1], [@pone.0111755-Wang1]. Interestingly, the occurrence ratio of Cit-H3 was twice that of NETs. In vitro experiments imply that a substantial period of time is necessary to expel NETs extracellularly after the initiation of cell death by a stress stimulus [@pone.0111755-Fuchs1], [@pone.0111755-Yipp1], [@pone.0111755-Brinkmann2]. However, it is still not clear how much time is required in vivo for NETs to appear intravascularly. The number of patients who exhibited circulating NETs in this study was lower than anticipated. We collected blood samples on admission to the ICU, and the timing might have been too early to detect NETs after the onset of a critical illness. The 11 Cit-H3-positive patients could be considered to have been in an early stage of NET formation. The change in the appearance of NETs and Cit-H3 during the course of hospitalization should be studied. If it can be shown clinically that Cit-H3 expression is followed by NET formation, it might be important to evaluate Cit-H3 expression in the blood upon admission to an ICU.

[Table 2](#pone-0111755-t002){ref-type="table"} shows that NETs and Cit-H3 were detected in patients with infection, resuscitation from CPA, acute poisoning, brain stroke, or heat stroke; surprisingly, we could not detect NETs or Cit-H3 in patients with trauma or heart disease. NETs are formed in response to various microorganisms and pathogens [@pone.0111755-Remijsen1]. McDonald et al reported that NETs ensnare circulating bacteria and provide intravascular immunity that protects against bacterial dissemination during septic infection [@pone.0111755-McDonald1]. In this context, the presence of NETs and/or Cit-H3 in infected patients is to be expected. By contrast, trauma or heart disease patients were transported to the hospital immediately after the onset of the condition, and there was no potential risk of infection on admission; this may explain why NETs and Cit-H3 were not detected in these patients.

Intriguingly, a high percentage (62.5%) of patients with CPA exhibited circulating NETs and/or Cit-H3. Acute poisoning, brain stroke, and heat stroke are clinical conditions that can cause disturbance of consciousness, which may induce aspiration. Adnet and Baud demonstrated that the risk of aspiration increases with the degree of unconsciousness (as measured by the Glasgow Coma Scale \[GCS\]) [@pone.0111755-Adnet1]. In the present study population, the GCS score on admission was significantly lower in the BTA (+) group than in the BTA (−) group (4 \[IQR, 3--10.75\] vs 13 \[IQR, 7--14\]; *p*\<.01). Except for the infected patient group, the patients who exhibited NETs and/or Cit-H3 in their blood had a significantly lower GCS score on admission (*p* = .0418). We therefore investigated whether "the presence of bacteria in tracheal aspirate", which was represented as part of aspiration and as the presumable preclinical stage of manifested infection, was associated with the presence of NETs and/or Cit-H3, and found a significant association (odds ratio for aspiration, 5.750) ([Tables 3](#pone-0111755-t003){ref-type="table"}--[5](#pone-0111755-t005){ref-type="table"}). Bacteria drawn into the respiratory tract can induce epithelial injury, which provides an opportunity for bacterial translocation as well as leukocyte transmigration until completion of epithelial repair [@pone.0111755-Evans1], [@pone.0111755-Sousa1]. Concomitance of acid aspiration under impaired consciousness additionally enhances bacterial adherence to the epithelium [@pone.0111755-Mitsushima1]. Injured airway epithelium produces cytokines including IL-8 and alarmins such as HMGB1, both of which are representative inducers for NETs [@pone.0111755-Hippenstiel1]--[@pone.0111755-Gupta1]. Next, bacteria and inflammatory mediators infiltrating into the interstitial space secondary to epithelial injury will affect the endothelial integrity [@pone.0111755-Hiraiwa1]. The presence of NETs in sputum following aspiration, a phenomenon that we reported previously [@pone.0111755-Hirose1], suggests breakdown of the epithelial barrier that is induced by local inflammation through direct contact between aspirated bacteria and epithelium or through activation of resident immune cells such as macrophages in the respiratory tract [@pone.0111755-Hussell1]. Such epithelial breakdown would allow influx of pathogens, pathogen-associated molecular patterns, cytokines, chemokines, and alarmins from the lumen of the respiratory tract into the circulation. These materials might stimulate the production of NETs intravenously to inhibit systemic invasion of bacteria. We assumed that NETs are induced in the respiratory tract to suppress bacterial dissemination leading to pneumonia and in the vessels to inhibit bacteremia against the invasion of bacteria into the blood and that even such colonization of bacteria in the respiratory tract could trigger citrullination of histone H3 to produce NETs in blood. Single logistic regression analyses of whether infection and/or BTA (+) were associated with the presence of NETs and/or Cit-H3 produced an odds ratio of 7.312 ([Table S3](#pone.0111755.s008){ref-type="supplementary-material"}). These results suggest that induction of NETs systemically through the citrullination of histone H3 in blood maybe an initial response for protection against bacterial dissemination from latent respiratory infection.

Some researchers consider cf-DNA to be equivalent to NETs in the blood [@pone.0111755-Margraf1], [@pone.0111755-Logters2]. However, our results showed that the occurrence rate of NETs and/or Cit-H3 was not significantly associated with cf-DNA concentration (*p* = .6025) ([Table 3](#pone-0111755-t003){ref-type="table"}). Although the number of patients was different due to sample limitations, additional analysis by MPO-DNA ELISA ([Data S1](#pone.0111755.s009){ref-type="supplementary-material"}) was also performed. As a result, there was no difference in the values between the group positive for (0.076 \[IQR, 0.067--0.100\]; n = 8) and the group negative for NET and/or citrullinated histone H3 (0.078 \[IQR, 0.070--0.111\]; n = 26). We reported recently that in patients with an acute respiratory infection, NETs became fragmented during recovery from infection [@pone.0111755-Hirose1], suggesting that NETs should also be digested in the blood with time. Our method using blood smear samples cannot detect NETs that harbor inside vessels or that are already degraded, whereas the method based on MPO-DNA ELISA might also measure neutrophil DNA fragments derived from necrosis or apoptosis and cannot detect NETs that are not truncated from the cell body. We consider that at the early phase of critical illness, i.e., when the production of NETs is just starting, the morphological approach has an advantage in being able to detect NETs that are still anchored to the cell body, in conjunction with the merit that identification of citrullination of histone H3 is possible at a stage prior to the release of NETs.

HMGB1 is a nuclear protein present in the nucleus of all nucleated cells. HMGB1 binds to DNA and acts as an inflammatory mediator once it is released extracellularly [@pone.0111755-Wang2], [@pone.0111755-Wang3]. In this study, HMGB1 was significantly higher in SIRS patients than in non-SIRS patients ([Table S2](#pone.0111755.s007){ref-type="supplementary-material"}). Unexpectedly, however, HMGB1 was not a significant factor associated with the presence of NETs and/or Cit-H3 ([Tables 3](#pone-0111755-t003){ref-type="table"}--[5](#pone-0111755-t005){ref-type="table"}). NETs contain HMGB1 [@pone.0111755-Mitroulis1], and one possibility is that HMGB1 binding to NETs is not reflected in the amount of circulating HMGB1 measured by ELISA.

Although IL-8 and TNF-α are considered stimulatory factors that induce NET formation [@pone.0111755-Remijsen1], [@pone.0111755-Gupta1], [@pone.0111755-Gupta2], they were not associated with the presence of NETs and/or Cit-H3 in this study ([Tables 3](#pone-0111755-t003){ref-type="table"}--[5](#pone-0111755-t005){ref-type="table"}). This negative result suggest the presence of an unknown complex regulatory mechanism for the production of NETs in vivo.

As limitations of this study, first, the sample size was small, and the patients were very heterogeneous. Second, we evaluated the presence of NETs and Cit-H3 and the associated factors in the bloodstream of critically ill patients only at admission. It should be investigated in the future how NETs are processed after the induction of NETosis in the circulation. It is presumable that NETs could be degraded by DNase, and the fragments would contribute partially to the formation of cf-DNA. Third, we did not rigorously quantify the amount of NETs and Cit-H3. The possibility of the degradation of NETs and the difficulty in detecting NETs, which are anchored in the vessels, might lead to underestimation of the presence of NETs in our method using blood smear samples. Further study is required to establish finer methods of quantification. We hope that future elucidation of the biological significance of NETs will lead to new strategies to treat critical illness by monitoring NET formation in blood.

Conclusions {#s5}
===========

The presence of NETs and Cit-H3 were identified immunocytochemically in the bloodstream of a subset of critically ill patients. "The presence of bacteria in tracheal aspirate" may be one important factor related to the presence of circulating NETs. NETs may play a pivotal role in biological defense in the bloodstream of infected and potentially infected patients.

Supporting Information {#s6}
======================

###### 

**Representative images of immunostaining of isolated neutrophils that underwent drying and freezing steps before fixation.** We tried to evaluate the influence of drying and freezing steps preceding paraformaldehyde fixation on the induction of NETs or citrullination of histone H3 in smear samples. For this, neutrophils separated by density gradient centrifugation from whole blood of a healthy donor were smeared on glass slides, dried, and frozen before fixation. At least through this method, the presence of NETs or citrullinated histone H3 was not identified in immunostaining. Blue, Hoechst 33342; Red, histone H3; Green, citrullinated histone H3 (left panels) or neutrophil elastase (right panels) (Magnification ×400). Scale bar; 50 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**Representative images of immunostaining for the negative control study using isotype control antibodies.** To ensure accuracy for the immunoreactivity of primary antibodies against blood smear samples, whole mouse and rabbit IgG were used instead of primary antibodies in the immunostaining procedure. This control study resulted in negative signals for histone H3 and citrullinated histone H3. Blue, 4′,6-diamidino-2-phenylindole (DAPI); Red, histone H3; Green, citrullinated histone H3. (Magnification ×200). Scale bar; 50 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**Representative images of immunostaining to detect citrullinated histone H3 (left panels) and neutrophil extracellular traps (NETs) (right panels) in the neutrophils from a healthy donor stimulated by phorbol myristate acetate.** Neutrophils were isolated by density gradient centrifugation from the whole blood of a healthy donor and stimulated by phorbol myristate acetate. Citrullinated histone H3 and NETs were detected by immunohistochemistry using the same antibodies that were used against the smear samples collected from the critically ill patients. Blue, Hoechst 33342; Red, histone H3; Green, citrullinated histone H3 (left panels) or neutrophil elastase (right panels). (Magnification ×400). Scale bar; 50 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**Representative images of immunostaining to detect neutrophil extracellular traps (NETs) in the blood smear from a critically ill patient.** The presence of circulating NETs was confirmed by immunohistochemistry using anti-neutrophil elastase antibody. String-like structures extending from the cell body (arrowheads) were composed of DNA and histone, and they contained neutrophil elastase. Blue, 4′,6-diamidino-2-phenylindole (DAPI); Red, histone H1; Green, Neutrophil elastase. (Magnification ×400). Scale bar; 50 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**Diff-Quik staining of a blood smear sample from the critically ill patient.** Diff-Quik staining confirmed a subpopulation of cells other than neutrophils. (Magnification ×400). Scale bar; 50 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**Comparison between patients presenting with and without "the presence of bacteria in tracheal aspirate".** In patients classified into two groups based on the presence or absence of bacteria in tracheal aspirate, the rate of occurrence of NETs and/or Cit-H3 was significantly higher in "the presence of bacteria in tracheal aspirate" group (11/22, 50.0%) than in "the absence of bacteria in tracheal aspirate" group (4/27, 14.8%) (*p*\<.01). Continuous variables are presented as the median and IQR unless otherwise noted. The Wilcoxon rank-sum test and Pearson\'s chi-square test were used to compare the two patient groups. NETs: neutrophil extracellular traps, Cit-H3: citrullinated histone H3, IQR: interquartile range, APACHE: Acute Physiological And Chronic Health Evaluation, SOFA: Sequential Organ Failure Assessment, SIRS: systemic inflammatory response syndrome, WBC: white blood cell, IL: interleukin, TNF: tumor necrosis factor, cf-DNA: circulating free DNA, HMGB1: high mobility group box-1.

(DOCX)

###### 

Click here for additional data file.

###### 

**Comparison between patients with and without systemic inflammatory response syndrome.** In patients with SIRS on admission, there was a trend toward greater expression of NETs and/or Cit-H3 (*p* = .079). Continuous variables are presented as the median and IQR unless otherwise noted. The Wilcoxon rank-sum test and Pearson\'s chi-square test were used to compare the two patient groups. NETs: neutrophil extracellular traps, Cit-H3: citrullinated histone H3, IQR: interquartile range, APACHE: Acute Physiological And Chronic Health Evaluation, SOFA: Sequential Organ Failure Assessment, SIRS: systemic inflammatory response syndrome, WBC: white blood cell, IL: interleukin, TNF: tumor necrosis factor, cf-DNA: circulating free DNA, HMGB1: high mobility group box-1.

(DOCX)

###### 

Click here for additional data file.

###### 

**Results of single logistic regression analysis of factors associated with the presence of neutrophil extracellular traps and/or citrullinated histone H3 according to the presence of infection and/or "the presence of bacteria in tracheal aspirate".** Single logistic regression analyses of whether infection and/or "the presence of bacteria in tracheal aspirate" were associated with the presence of NETs and/or Cit-H3 produced an odds ratio of 7.312. Coeff (β): coefficient, OR: odds ratio, Lower: lower level of 95% confidence interval, Upper: upper level of 95% confidence interval.

(DOCX)

###### 

Click here for additional data file.

###### 

**MPO-DNA ELISA.**

(DOCX)

###### 

Click here for additional data file.
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